Introduction
Wildland fires represent a growing threat to human infrastructure and activities due to both climate change and the spreading of the Wildland-Urban Interface (WUI). More than ever, wildland fire professionals need to understand how wildland fuels and structural materials ignite and burn at the WUI. To help manage the increasing risks and better develop wildland management solutions, improved assessment tools need to be developed.
One of the main factors that influences fire spread is wind, which provides fresh oxygen to the fuel and also alters the flame shape, thereby influencing the preheating of the unburned fuel. Another key element, which is also influential to the burning behavior, is the fuel being consumed. Its geometrical, physical and chemical properties have an impact on the fire that needs to be evaluated. These two factors have been extensively studied and integrated in the development of statistical [1] or empirical [2] fire-spread models. Though these models have made a significant contribution to our ability to manage wildland fires, the complexity associated with the highly porous fuels making up vegetation demands that researchers return to first principles. Generating a better understanding of the way in which the flow through the fuel layer affects ignition and combustion processes, as well as how fuels differ in their burning dynamics, is an essential task that needs to be examined in a systematic manner.
Simple fire-spread models do not describe combustion. To compensate, the influence of wind on the fire is represented by a correction factor for the rate of spread [2] but such models are unable to reproduce the full coupling between the fire and the atmosphere [3] . Detailed physical models [4] [5] [6] , which are based on Computational Fluid Dynamics, describe the physics involved in fire spread in great detail. However, they are not able to successfully couple the flow-field with the burning behavior because the influence of the flow on the ignition and burning of vegetation is not fully described in the sub-models. All the model limitations cited above are mainly due to limited research on the burning dynamics of vegetation. Improving these models (such as WFDS, which is specifically dedicated to the WUI problem, [5, 7] ) will lead to an improved description of fire at the WUI. A systematic investigation on the burning dynamics of vegetation is thus necessary to alleviate a primary bottleneck in wildland fire research that limits the use of detailed models beyond research tools [8] . This statement can be extended to the development of risk indexes, which describes potential forest fire danger in a region. The system currently in use in the U.S.A. is the National Fire Danger Rating System (NFDRS) [9, 10] . The fire behavior properties used to define the risk are the Rate of Spread (ROS) and the heat released per unit area. These two factors are estimated based on Rothermel's semi-empirical model [2] and empirical data [9] . Other risk indexes [11] [12] [13] are based on considerations similar to NFDRS, but they use empirical formulas for the ROS and a rough evaluation of the heat released, which is called the Fire-Line Intensity and is defined as the heat released per meter of fire front [14] .
The flammability is usually defined by the Time to Ignition (TI), the Heat Release Rate (HRR) and the ROS [15, 16] . The flammability of solid fuels has been extensively studied [17] , but this is not the case for wildland fuels [18] . Wildland fuels are very different from the usual fuels encountered in human-developed environments. They are extremely porous, with porosities ranging from 0.05 for pine needle litters to 0.002 for tree canopies [19, 20] . The influence of the physical and geometrical properties of the fuel, as well as the bulk properties of the fuel layers was often neglected because the protocol did not focus on them [21, 22] . Usually, simple protocols are used to estimate the three quantities, but they do not relate to the fundamentals of the phenomena. TI is estimated by putting fuel samples under a radiant heater [23] . The Heating Value measured in a bomb calorimeter is generally used instead of the HRR [24] . ROS has been extensively studied at the laboratory scale [25, 26] . Even if the relevance of these studies to fires in the field needs to be thoroughly investigated, the aspects of flammability that need to be examined in more detail in the laboratory are TI and HRR. In the past, a small number of studies were conducted using the cone calorimeter [27, 28] , but they mainly focused on classifying fuels.
Another acute problem at the WUI is structural ignition. In this case, the primary parameter is TI because the structure will be considered to be lost if ignited and not defended by fire-fighting means. The fuels of interest in this scenario are solid and located on the external envelope of the structure. Wildfires approaching the WUI induce time-varying incident heat fluxes, which render the classical solutions developed for constant heat fluxes [29] inaccurate. In this case, studies for time-varying incident heat fluxes need to be developed. This paper presents the flammability studies developed at the University of Edinburgh and at WPI that were dedicated to the understanding of the parameters affecting fuel flammability. Both the approach and the developed models were based on experiments conducted with the Fire Propagation Apparatus. This experimental device was used due to its versatility, allowing for testing over a wide range of conditions applied to different fuels. The combined influence of conditions and fuel type on TI and HRR was investigated. Some bulk properties of wildland fuels, such as radiation attenuation and permeability were also determined experimentally in this study to understand the coupling between the fuel burning and the flow.
Regarding TI, two approaches were adopted. The first one was dedicated to wildland fuels and to understand their conditions of ignition when submitted to various radiant heat fluxes and flow conditions. The classical approach was used in the FPA with constant heat fluxes, but adapted sample holders were used to permit the flow to go through the sample, thus allowing the study of its influence on TI. Fundamentally, this study can be related to the influence of wind on the ignition of porous wildland fuels. A model was developed to better understand this influence and the influence of the different fuel properties on the ignition process. The second approach was dedicated to solid materials. Ramping heat fluxes were used to represent the effect of an approaching fire in the context of the WUI. The objective of this study was to provide a mechanism to assess the potential for ignition while not adding an excessive computational burden to fire-spread models. This is particularly important for CFD fire spread models. These models focus on describing the fire spread through the fuel beds, and adding the full description of the interaction between the fire and the structure would be too computationally costly because of the wide range of time and length scales involved [3, 30] . To avoid resolving the building, the objective is to extract information from the CFD model that can then be used directly to establish if the material has ignited or not without requiring the modeling of the solid fuel itself. This approach imposes strong simplifications that will be argued hereafter on the basis of analytical formulations and experiments.
Concerning the HRR, only wildland fuels were used to investigate the influence of flow on burning dynamics. The role of permeability was investigated, as well as the effects of changing the fuel species under the same flow conditions. Only experimental studies were conducted, and modeling has yet to develop that takes into account the influence of flow through the porous fuel on the behavior of the condensed phase and particularly on pyrolysis and char combustion.
Ideal fuels were used in the form of dead pine needles to represent wildland fuels and polymers to represent solid fuels. Pine needles were used for both TI and HRR studies and polymers only for TI. The pine needles and polymers that were used are well characterized and have been extensively studied in wildland fire and fire safety research, respectively. These fuels allowed focusing the study on the parameters mentioned above without adding the uncertainties related to poorly characterized fuels. However, the approach to studying flammability presented in this paper is proposed as a general method that can be applied to other wildland and solid fuels in the context of wildland and WUI fires.
The effect of moisture content of vegetation and embers are not covered here but interested readers are referred to [31] and the paper dedicated to firebrands in the same journal issue as this paper [32] , respectively. Section 2 presents the experimental protocols developed for FPA studies as well as the experiments dedicated to the measurement of the radiation attenuation and the permeability of pine needle beds. Section 3 presents the studies related to TI. The first subsection is dedicated to the pine needle experiments and the second one is dedicated to solid fuel experiments. Section 4 is dedicated to the HRR studies, with a subsection on flow and fuel property effects, respectively.
Experimental Apparatuses and Methods

Fire Propagation Apparatus
The FM-Global Fire Propagation Apparatus (FPA) was used to conduct the test series presented in this paper [33] . Its basic layout is presented in Fig. 1 . The FPA operates on a similar concept to a cone calorimeter. A fuel sample is subjected to a radiative heat flux and an ignition source is provided by the use of an ethylene/air pilot flame. The mass loss rate of the sample is measured and the exhaust gases are analyzed for composition, temperature, optical obscuration, and pressure drop across an orifice plate. One key difference with the FPA in comparison to the cone calorimeter is that the combustion chamber for the sample allows for a controlled environment with respect to gas flow rate and composition. The combustion chamber and the sample holder for the FPA are cylindrical. The sample holder fits inside the combustion chamber and is positioned on a balance. Different experimental factors were tested. Table 1 summarizes the experimental conditions related to the different sections of the paper. Detailed parts of the protocol specific to each series of tests are presented in each section.
Custom-made sample holders were designed for testing porous wildland fuels and are depicted in Fig. 2 . Their dimensions were 126 mm in diameter and 31 mm in depth (Table 1) . They were made of stainless steel and had a uniform pattern of small holes in all (side and bottom) of their outside surfaces. These holes created an open space allowing air to pass into the holders and through the fuel samples. Table 1 for the used values). Some other tests also used baskets lined with aluminum foil to prevent flow to go through the fuel bed. The different basket opening allowed testing different airflows at both natural convection and forced airflow conditions. The flow was allowed to fully establish before applying the heat flux. The baskets were filled to the top and had masses from 10 to 20 g (Table 1 ).
For solid fuels, ignition tests with in-depth temperature measurements have been carried out on 110 x 110 x 12 mm samples of pure PA6 (Nylon 6), and of PA6 with nano-composites ( Table 1) . Small holes have been drilled through the samples for thermocouple measurements [30] . The tested material was pasted to an aluminum block of same surface area and 24 mm thickness and insulated on the sides. Ignition tests were also performed using PMMA samples of dimensions 100 x 100 x 4.9 mm. No temperature measurements were carried out for this last material. Some fuels filled with nano-composite retardants were also tested to investigate if these components were changing the fuel behavior or just delaying it. The interest in using a radiative insult for wildland fire studies is that small samples can be submitted to high radiative fluxes, in the order of magnitude of the fluxes encountered in the field. For ignition studies, the radiative heat flux imposed on the sample was between 8.5 and 60 kW.m -2 (Table 1) , as this range of values is characteristic of surface fires in pine needle beds [34] . As opposed to the TI studies, the heat flux was set to 25 kW.m -2 for the HRR studies. This value was selected because it allowed ignition times and flame durations to be obtained, which were suitable for the comparison between the various experimental conditions, while remaining in the lower range of encountered heat fluxes.
Characterization of the fuel
Four forest fuels and three solid fuels were studied in the different test series (see Table 1 ). Pinus pinaster, Pinus laricio (subspecies of Pinus nigra) and Pinus halepensis needles were collected from Mediterranean wildland areas. Pinus strobus needles were collected from Massachusetts, USA. Each species was collected at the same location and during the same season for the whole sets of experiments. The needles were dead and not conditioned prior to a) b)
testing. The moisture levels of the needles were determined by oven drying of a sample for 24 hours at 60 ºC. The moisture content of the samples ranged from 5 to 8% on a dry basis. [35, 36] . As the volume of the samples was kept constant (volume of the holders), the bulk densities were 25.87, 38.81, and 51.74 kg/m 3 for 10, 15, and 20 g samples, respectively, independent of the species.
The three solid fuels were Nylon 6 (PA6), Nylon 6 with nano-composites (PA6+NC) -the nano-composites being ceramic nano fillers -and polymethylmethacrylate (PMMA). The nano-composites were added to study the influence of this flammability control strategy on fuel flammability.
The time to ignition of all these porous and solid fuels has been extensively studied, providing a good background to study the effect of other parameters, such as flow or timevarying radiant heat fluxes. This prevents adding the uncertainties associated with poorly characterized fuels to the analysis of the results.
Radiation Attenuation
A specific device has been developed to measure the radiation attenuation coefficient of the fuel bed, which plays a prevalent role for the ignition of porous fuels submitted to radiant heat fluxes. This coefficient is one of the main bulk properties of the fuel beds that differ greatly from solid fuels [37] . Figure 3a shows the experimental apparatus. It consisted of a cylinder, adjustable in height, placed over a circular plate. A Medtherm ® heat flux meter was inserted in a hole at the center of the plate. The inner sides of the cylinder were painted black. A cone heater was located above the cylinder, providing a constant heat flux at the top of the fuel bed. A shield was positioned between the cone heater and the sample to allow a sudden exposure to the constant heat flux when removed. Each exposure lasted for approximately 8 seconds in order to avoid pyrolysis, twisting of the needles, and re-radiation from the sides of the cylinder to occur. The bulk density of the fuel samples was set to match the FPA experimental conditions. Grishin et al. [38] found that radiation attenuation in pine needle beds follow the BeerLambert law. Thus, it was applied to determine the radiation attenuation coefficient of one fuel bed made of Pinus halepensis needles with the following properties [39] : ρ s = 789 kg/m 3 (density), ρ s * = 38.81 kg/m 3 (bulk density), σ s = 7377 m -1 (surface-to-volume ratio), and α g = 0.9508 (porosity). The ignition models presented in sections 3.2 have been applied to the exact same conditions. Several repetitions were carried out, changing the geometrical arrangement of the pine needles in the samples. The results are shown in Fig. 3b . They are quite scattered because of the combination of the small surface of the heat flux meter used to measure the heat flux and the random positioning of the pine needles. An average value of the attenuated flux has been chosen to be 1 kW/m 2 , leading to a value of K = 170 m -1 and a path length d = 1/K = 5.88 mm. If one uses the classical relationship K = α k σ k / 4 [40] (with α k being the fuel volume fraction and σ k being the fuel surface-to-volume ratio) and the geometrical properties of the fuel to estimate the attenuation coefficient, the obtained value is: K = 91 m -1 . Thus, the attenuation commonly used in models [4, 41] is strongly underestimated in the case of pine needle beds. One possible explanation is that the classical relationship is based on the hypothesis of an isotropic medium [40] , which is not realistic for forest fuel layers with pine needles that are mainly horizontally orientated. The value obtained with this set-up is even higher than the value obtained by measuring attenuation of visible light [42] , which already showed a discrepancy with the theory.
Permeability
The interaction between the solid fuel and the gas flowing through the porous fuel is represented by the bed permeability, as long as the flow is laminar. This quantity depends on many fuel properties, such as the surface-to-volume ratio, the roughness of the particle's surface and the fuel bed porosity, among others. There is no simple relationship between permeability and one of these properties taken alone [43] . Permeability (or drag forces for turbulent flows) can be included as model parameters to describe the gas/solid interaction in detailed physical models [37, 44] .
The permeability of forest fuel beds has been estimated for Pinus pinaster, Pinus laricio and Pinus halepensis, and for different compactness. A simple and robust experiment has been designed [35] , composed of an electric fan, a contraction chamber, and a work module with a total length of 800 mm (see Fig 4a) . Static pressure taps were connected along the length of the tube at regular intervals. A hotwire anemometer was used to measure the exit velocity of the airflow.
The values of permeability have been determined using Darcy's law for low flow velocities that ranged between 0.2 m.s -1 and 1 m.s -1 . These velocities correspond to a laminar flow through the pine needles and the experimental results displayed a linear relationship between pressure drop and flow velocity (see Fig. 4b ). The experimental set-up did not allow measuring the permeability for Pinus halepensis beds with a low compactness since the needles were collapsing in the tube to higher compactness. For the compactness that was too low to allow the value of the permeability to be measured, it was extrapolated from the permeability obtained with denser fuels. The results for the permeability experiments are given in Table 2 . The fuel bed permeability depends on the compactness of the bed. Indeed, it decreases with the mass of the fuel sample used in the calorimetry experiments as all the fuel samples have the same volume. It also depends on the other geometrical (surface-to-volume ratio and shape) and physical (density and roughness) properties of the pine needles, and the same volume fraction will not provide the same permeability for different fuel species. Experimental results for Pinus halepensis and a load equivalent to a 20 g sample in the calorimetry experiments (see section 4.2) are given as an example in Fig. 4b . The pressure drop inside the porous fuel bed is proportional to the imposed flow velocity. The permeability K is then deduced from the slope. 
Time to Ignition
The TI studies are presented in two sections. The first section presents the results on dead pine needle beds. It is divided between the presentation of the modeling approach and the results and discussion. The modeling approach tested a model developed for a solid fuel subjected to constant heat fluxes [49, 50] , and a new model was developed to take into account the porous aspect of the fuel. The second section presents the experimental study of the ignition of solid polymers submitted to time-varying heat fluxes. Only piloted ignition was studied because it was assumed that the ignition source is the fire front itself for a spreading fire.
Pine Needle Beds
Two series of tests have been conducted, one for Pinus halepensis and another one for Pinus strobus (Table 1) . Experimental results from [39, 47, 48] (Pinus halepensis) and original experiments (Pinus strobus) have been used, representing over 120 experiments. Sample holders with 0 and 63% openings have been used. The sample holders were filled to the top and had a constant mass of 15 g with a fuel bed porosity about 95%. The pine needles a) b)
completely shaded the basket, despite the high value of porosity, because the needles have a high surface-to-volume ratio and a sickle-shaped cross-sectional area. A thermocouple (250 µm, K-type) was placed to measure the temperature at the top of the samples for Pinus strobus and a custom-made blockage device was placed into the FPA's test chamber just underneath the sample holder. This device blocked the airflow around the sample, forcing all the flow to go through it, whereas for Pinus halepensis, air could pass on the basket side rather than flowing through it [49] . The blockage device was used only for these more recent experiments to obtain more well-defined flow conditions. For Pinus halepensis, the radiative heat flux imposed at the top of the samples ranged from 8.5 to 50 kW/m 2 and for Pinus strobus, it ranged from 20 to 60 kW/m 2 .
Ignition models a) Solid Fuel Model
As the complete description of the model can be found in [46] , only a simple description will be provided in the following. The model describes the heating process of a thermallythick and semi-infinite solid fuel by the following energy equation and boundary conditions [45] :
where T is the temperature, α T is the thermal diffusivity, k is the thermal conductivity and is the net heat flux at the surface of the sample. This flux is a function of the external heat flux and the heat transfer with the ambient:
where a is the absorptivity of the fuel, is the external heat flux received at the surface of the solid and h T is the total heat transfer coefficient, including the convective and radiative heat transfers.
By non-dimensionalizing all variables in the following way:
where
The following solution is obtained for the evolution of the temperature at the surface of the solid [46] : (4) To solve for the ignition time ( ), a first order Taylor series expansion of Eq. (4) is conducted [46] . The range of validity of this expansion is limited and the global heat flux range has to be divided into at least two domains. The first domain corresponds to high
incident heat fluxes where the ignition temperature ( ) is attained very quickly, , and the second domain corresponds to incident heat fluxes close to the critical heat flux for ignition (in non-dimensional form: ) where the ignition temperature ( ) is attained very slowly, . The fast and long time approximations lead respectively to:
The parameters of the model are obtained from the measurement of the surface temperature of the fuel by a thermocouple and the relationships derived from the Taylor series expansion [46] . A full description of the procedure applied to pine needles can be found in [47] and will not be detailed here. The conductive term in Eq. (1) is assumed to represent radiative transfers through the fuel bed, which can be approximated as a diffusive transfer [47] .
b) Porous Fuel Model
The main assumption used to set the model is to consider a thermal equilibrium between the solid and gas phases. This assumption can be questioned, particularly before ignition, and a short discussion about its validity can be found in [50] . Porosity of the fuel bed was also explicitly included by way of α s = 1 -α g , defined as the volume percentage of the solid phase. The absorption of radiation in the gas phase due to the presence of pyrolysis gases was neglected. In-depth radiation was taken into account to represent the impact of the external heat flux through the porous matrix [51] and the model is expressed as: (6) with the following boundary conditions:
with ρ s and ρ g being the pine needles and the gas densities, respectively; c ps and c pg being the pine needles and gas heat capacities, respectively; V g,x being the gas velocity in the x direction; k R being the diffusive transfer due to radiation and K being the extinction coefficient of radiation. The value of h T was kept identical to the previous value used for the solid model (h T = 22 kW/m 2 ). An estimation of the radiative and convective transfers at the interface for T ig provided a very close value (less than 20% difference by assuming the needles to be cylinders). In addition to the properties provided in section 2.2, the density was taken as ρ s = 789 kg/m 3 , the thermal capacity as c ps = 3,100 J/kg K and the absorptivity as a s = 1 [52, 53] .
The diffusive transfer in Eq. (6) was assumed to be driven by the radiative transfer through the porous fuel bed [54] , while the high value of porosity allowed the neglect of the conductive transfer. The radiative transfer was linearized using the Rosseland approximation:
and t ig = 1 π
With B being the Stefan-Boltzmann constant.
Results and discussion
a) Estimation of the model parameters
Concerning the solid fuel model, the dimensional value of the critical flux for piloted ignition was measured to be for Pinus halepensis. The parameters of the model were obtained from the 0% basket data [47] and are displayed in Table 3 . The ignition temperature found in literature for pine needles is between 280-350°C [52]. An estimation of "kρC p " from the literature [52, 53] , and assuming that the conductivity of heat inside the fuel bed is mainly due to a linearized radiative transfer (as it will be detailed in the next section), provides a value of 0.0755 (kW/m 2 K) 2 s. These values are different from the values obtained in Table 3 , particularly for "kρC p ". This effect has already been discussed in the literature and it should be noted that the values of the parameters do not represent the actual physical values but the values of the control parameters of the system (see [29] for a full discussion about kρC p ). However, the estimated parameters are in the range of the physical parameters, and the two sets of parameters exhibit the same discrepancies as for solid fuels [55] . 
b) Numerical implementation of the porous fuel model
The partial differential equation (Eq. 6) has been numerically integrated on a uniform grid by using a finite volume approach. Diffusive fluxes and convective fluxes have been approximated at the volume interfaces by using central difference and up-wind schemes, respectively. Time advancing has been implemented by using a fully implicit scheme because of its unconditional stability for any time step size. The non-linearity introduced by the Rosseland approximation of the diffusive transfer (Eq. 8) has been treated implicitly; in particular, for each time step, inner iterations are performed until the convergence of the computed temperature field is observed. Spatial and temporal discretization errors have been estimated by using Richardson extrapolation [56] . The spatial discretization error for the adopted space step equal to 1.5·10 -5 m has been found to range between 0.20% and 0.35%, depending on the external heat flux. The temporal discretization error for the adopted time step equal to 0.1 s has been found to range between 0.41% and 0.06%, depending on the external heat flux.
It should be noticed that the model is very sensitive to all the physical parameters and particularly to the ignition temperature, which is not a well-defined quantity [29] . However,
q ʹ′ ʹ′  the parameters used in this study have only been extracted from measurements [47, 48] . The radiation attenuation has been estimated as detailed in section 2.3 (K = 170 m -1 and δ = 5.88 mm). Figure 5 shows the variations of the non-dimensional ignition delay time with nondimensional external heat flux. Among the 52 experiments for no flow conditions, some provided exactly the same time to ignition, and 14 of them were discarded as aberrant.
c) Comparison model/experiments
The closed baskets (0% opening) display a good agreement with the solid fuel model (Eqs. 1-5). This result is almost unexpected as the assumptions of the solid model were strongly challenged (multiphase medium, surface temperature, conductive transfer through the fuel bed and radiative boundary condition). However, it seems that the prevention of convective transfer in the fuel samples allows for matching the theory. This means that, even if the particles are thermally thin, the bulk properties of the sample induce an equivalent behavior to solid fuels. The samples used for this study are representative of forest floors and the radiative transfer through the porous fuel bed behaves like the conductive transfer through a solid. This result is consistent with the strong radiation attenuation measured for the fuel beds (see section 2.3).
Open baskets show a different behavior. Under natural convection, the ignition times are slightly lower than the ones of the closed baskets for low fluxes, but the difference is not significant. For high fluxes, the buoyancy induced by the quick heating of the surface of the samples does not seem to influence the times to ignition. In this case, the difference in the times is even lower as the sampling rate of the FPA is 1 Hz. Indeed, because of the inverse square root used to present the time results, the scattering induced by a difference of 1 s is low for low fluxes (long times to ignition) and high for high fluxes (short times to ignition). For instance, the two values of the times for a heat flux of 50 kW/m 2 (  !! q e = 5.88 ) correspond to 7 and 8 s, respectively. Figure 6 shows that the experimental tendency is well represented. In-depth radiation allows for taking into account the inflexion in the decrease of the ignition time, as seen for the 0 % baskets opening. The porous model is able to represent the low fluxes, whereas the solid fuel model was obtained for high fluxes (Eq. 5 for high fluxes) and was not accurate for low fluxes. The second test included cooling with a 100 l/mn airflow at the bottom of the basket. The configuration of the FPA does not ensure that all the flow is going through the fuel sample. Thus, V g,x was set to a constant value based on Particle Image Velocimetry measurements [49] . The upward velocity value of 50 mm/s was set in Eq. (6), whatever the experimental conditions. The experimental tendency is matched for low heat fluxes but not for high fluxes. This discrepancy is certainly due to the mixing effect of the pyrolysis gas with air around the pilot flame. This effect has been observed for solid fuels [29, 47] and it is enhanced by the very porous fuel used here and the flow conditions as noted in the previous section. Furthermore, the flow effect could be different for low and high fluxes, explaining the changing in tendencies compared to the no-flow conditions -the times being longer for low fluxes (see  !! q e = 2.94 ) and at least equivalent for high fluxes (see  !! q e = 4.71). Indeed, it has been visually observed with low fluxes that the smoke produced by the pyrolysis of the fuel was quite light. The addition of airflow through the fuel bed would increase the fuel lean conditions around the pilot and further delay the ignition. In contrast, the smoke was very dense for high fluxes (  !! q e = 4.71 and 5.88 ), and the mixing of air with the pyrolysis gases in the surroundings of the pilot flame would decrease the fuel rich conditions towards stoichiometry and shorten the ignition time. This effect is related to the mixing time [45, 46] , which has been neglected in both the solid and the porous models and is further investigated for the Pinus Strobus experiments. For the 63% open baskets, two flow conditions were investigated -low flow with 50 l/mn and high flow with 100 l/mn. This last condition is higher than the 200 l/mn previously used for Pinus halepensis as estimated by PIV [49] . The results for both flow conditions show an increased ignition time for low heat fluxes. For high heat fluxes this behavior changes, as ignition times for the two flow conditions converge with the ignition times for no flow conditions. The region of convergence is around 40 kW/m 2 . At this point radiation from the heat source becomes very high and renders the convective cooling negligible. Under certain conditions faster ignition is observed compared to no flow conditions.
Figure 7. Ignition experiment results for Pinus strobus needles.
A likely explanation is that a stoichiometric mixture is formed faster due to the higher pyrolysis rate caused by high heat fluxes coupled with the oxygen transfer from the forced flow. For low heat fluxes (low pyrolysis gas production rate) the forced flow has a negative (increasing the time to ignition) influence as it dilutes the mixture with too much oxygen. For high heat fluxes (high pyrolysis gas production rate) the dilution has a positive (decreasing the time to ignition) quality as a stoichiometric mixture is formed quickly.
Conclusively, the influence of the flow on the time to ignition of porous pine needle litter samples can be observed in the heat transfer as well as the gas transport. It is a constant negative influence for the heat transfer via thermal cooling for low and high heat fluxes. However, for the formation of a stoichiometric mixture it is changing its quality for low and high heat fluxes from negative to positive. This behavior was not observed for Pinus halepensis, maybe due to the fact that the highest heat flux was only set up to a lower value of 50 kW/m 2 . This effect needs to be further investigated before drawing further conclusions. The ignition temperature data is used as a second means to obtain the ignition delay time. Additionally, Fig. 8 shows that the average ignition temperature changes with increasing flow magnitude. This is an indication that more energy is needed to ignite the sample when airflow is forced into the sample. The experimental variability was quite high for different repetitions of the same experimental conditions, so these results need to be confirmed in the future. However, it is well known that the ignition temperature is not a constant and varies with the conditions [29] , but a constant temperature is still used in recent fire spread models [4, 5, 41] . 
Solid fuels a) Modeling considerations
The classical approach to ignition was described in section 3.2.a (Eqs. 1 to 5). A similar, but slightly more complex, expression can be obtained if the same approach is followed with a variable external heat flux , the surface temperature and the ignition delay time can be presented, as a function of the integral of the heat insult, as a single curve that can be used to completely decouple the solid and gas phases in the numerical modeling of the ignition process. This would increase the accuracy without increasing the computational power required.
b) Results and discussion
The tests were conducted with three different materials. These materials (PA6, PA6 with ceramic Nano-fillers, and PMMA) were chosen to represent novel strategies for flammability control by the addition of nano-composites into solid fuels. 36 samples were tested. The tests conditions are described in section 2.1 and the fuels in section 2.2. A quartz tube was used to isolate the combustion area of the FPA. Temperature measurements were obtained from the No Flow 50 l/mn 100 l/mn thermocouples located in the fuel sample and in the aluminum block. Further description of the experiment is available in [30] .
When using the above-described ramp, it is important to prove that the theoretical expressions have validity beyond the integral parameter that is the ignition delay time. Thus, a series of in-depth temperature distribution measurements will be discussed first. The in-depth temperature heating of the sample is presented in Fig. 9 for two sets of times. Figure 9a represents the initial heating of the sample. During this period the inert heating assumption applies well and an increase in temperature close to the surface is observed. This temperature increase decays in-depth, but no signs of endothermicity can be seen. As time evolves (Fig.  9b) , the surface reaches the pyrolysis temperature and signs of endothermicity become obvious with no further temperature evolution over time. While the basic assumption of the analytical expressions is challenged [45] , this period is close to ignition, thus endothermic pyrolysis will have a weak effect on the ignition characterization. Identical curves were obtained for all other tests conducted but are not presented here. This work provides a realistic approach to the heat flux impacting a structure from a spreading fire by considering an incident heat flux that grows linearly with time. The adaptation of the ignition protocol, utilizing ramping heat flux, on three different materials has shown that the scaling of the time to ignition by
is possible. A future step will be to obtain an expression relating the ignition delay time to the incident heat flux for this particular case. This expression, which comes from the analytical solution of the heat diffusion equation with the aforementioned boundary conditions, would completely decouple the solid and gas phase processes and would serve as a tool to predict the time to ignition as a function of a more realistic incident heat flux, thus yielding more accurate results that can be input into forest fire models.
Heat Release Rate
The HRR is related to the fire-line intensity [14] , which is an important quantity for foresters and fire fighters that allows them to evaluate the fire impact and the means that are required to fight a fire. The fire-line intensity is defined as the rate of heat released per meter of fire front. It can be derived either from the fire rate of spread and the mass loss [14] or from the length of flames [58] . The fire-line intensity of a spreading fire is equal to the HRR divided by the surface area of the sample and multiplied by the depth of the fire front [59] . The fire-line intensity is thus related to the HRR and to the flaming stage of the combustion of a) b)
vegetation. As such, it is assumed that a better understanding of the dynamics of heat release during the combustion of fuel samples will allow better estimation of the fire-line intensity. The first part of this section investigates the influence of the transport processes inside the fuel bed on its combustion dynamics for two different species -Pinus pinaster and Pinus halepensis [49] . The second section is focused on the influence of species (adding Pinus laricio to the two other species) and fuel bulk properties, like permeability and radiation attenuation, on the burning dynamics of forest fuel beds [35] .
Influence of the flow
The HRR was calculated through oxygen consumption calorimetry using O 2 , CO 2, and CO values and the classical constant of 13.1 kJ/g of oxygen consumed. The data was highly repeatable within each set of test conditions for the entire test series (see [49] ). Figure 12 shows the HRR estimated in two different ways for given conditions with noflow and flow. The first HRR estimation was done using oxygen consumption calorimetry, and the second method was done using a smoothed version of the mass loss rate measured during the tests and the heat of combustion of the needles [49] . The experiments performed in the FPA during this test series were well ventilated; only ash remained in the sample basket after test runs (around 0.5 g). The 0% baskets opening had a very small amount of char residue (<0.5 g). Under such well-ventilated and small-scale conditions, the two methods for HRR measurement provided close results. However, the "Heat of Combustion" curves overestimate the "Calorimetry" curves at the first stage of combustion and underestimated them after this point. This behavior could be due to different heats of combustion for flaming and smoldering, the heat of combustion of the pyrolysis gases burned in the flame being lower than that associated with ember creation in the char oxidation process [60] . Thus, using a mean value for the heat of combustion overestimates the HRR during flaming combustion and underestimates it during char oxidation. halepensis and attributed to the higher surface-to-volume ratio (see section 2.2). This parameter affected the internal fuel bed and impacted thermal transfers and surface area for contact with oxygen. Pinus pinaster also exhibited a higher HRR for a given flow condition. Fig. 13b shows the HRR estimate for the flow conditions, indicating that the flow has an effect on both the time to reach peak HRR and the magnitude of the HRR. The tendencies are reversed for peak HRR, and Pinus pinaster exhibited an influence of the basket opening on the time to reach peak HRR. This effect could be due to the changing in the inlet flow through the fuel bed, as the needle beds are less dense and cooling by fresh air was allowed. With Pinus halepensis, as the flow was driven by the dense fuel bed, the basket opening has no effect. The results are discussed using the measured data of the time curves and visual observations made during the tests. CO concentration is a good indicator of the fuel bed behavior with respect to the dynamics of flaming versus glowing combustion. Fig. 14a illustrates no-flow and 0% basket opening conditions. The CO 2 curve reflects a long duration for flaming combustion (around 130 s). When correlated with the observations, the CO curve provides insight to the different steps involved in the combustion of the fuel samples. The first steep increase was due to the ignition of the sample on the upper surface. A steady production of CO follows. During this step, the burning front spread from the top to the bottom of the basket. As the basket was closed, air could only come from the top of the fuel sample. It was consumed at the surface of the bed by the flame and the superficial char. Thus, the reaction was slow with low observed flames and a propagation of the pyrolysis front from the top to the bottom of the bed during combustion. When this spreading ended, no more degradation gases were produced and the flame extinguished. Then, oxygen was able to reach the surface of the remaining charred material and combustion of embers within the fuel bed started. The last decrease in the CO curve corresponded to the extinction of all combustion in the sample. At the ignition point both CO 2 and CO generation rates increased. As the fuel was consumed, greater amounts of char and ash were formed. The flame decreased toward extinction and the CO 2 generation rate peaked and then decreased rapidly. CO generation became constant during the flame regression stage. As smoldering combustion proceeded, the CO production increased close to flameout and then fell off until the embers extinguished. The steady step was shorter than the one for closed basket conditions (Fig. 14a) , and corresponded to only flaming combustion because the flame consumed the oxygen before it could reach the fuel bed. The short steady step and the two slopes in the consecutive increase of CO (before and after the line representing flame extinction) are mainly due to the overlap between flaming and char combustion when the flame was decreasing. The combustion of embers started on the edges of the fuel sample before flameout, leading to an increase in CO production. Figure 14c describes the 26% basket opening and flow conditions. The CO 2 curve demonstrates a short duration of combustion (around 40 s). The steady state disappeared. We observed a fast phenomenon with embers starting to burn before the completion of the flame spread through the fuel bed. This behavior was mainly due to the additional oxygen supplied inside the fuel bed by the forced flow. It demonstrates that flaming and smoldering occurred simultaneously. Current fire-spread models either neglect smoldering [7] or assume that it happens consecutively for the same particle [4, 41] . The results suggest that the separation between smoldering and flaming should be further investigated under flow conditions. CO concentration profiles proved to be good indicator of the dynamics of the combustion process. The transition between flaming combustion and glowing embers was reflected in the measured CO responses. Again, the ability for combustion air to flow into the porous bed allowed the measured CO concentrations to provide good data on internal fuel bed dynamics. The pine needle species studied behaved differently due to different packed densities and different surface-to-volume ratios. The following section is devoted to the analysis of these last influences to developing a better understanding of the burning dynamics of the porous fuel beds.
Influence of the fuel properties
The previous section has shown that flow conditions through the porous fuel bed and fuel species have both an influence on the burning dynamics of pine needles and develop cross interactions [48, 49] . However, these studies did not discriminate between these effects and did not study the main bulk property of porous fuel beds, which is permeability. The different parameters playing a role on the oxygen supply inside the fuel bed (i.e. flow magnitude and fuel bed permeability) as well as the influence of fuel species properties are studied in this section. This section also represents a further step towards improving wildland fire spread models by estimating the influence of fuel and fuel bed properties on quantities such as the mean heat released during flaming.
The HRR has been better estimated by improving the estimation of the calorimetric constants for each fuel species from the fuels ultimate analysis and Low Heating Values [61] . This allows enhancing the comparison between pine species as they have different calorimetric constants [35] .
a) Fuel bed properties
In the previous section, the air supply was artificially controlled by the basket opening and the forced flow. Under actual fire conditions, the oxygen supply will be controlled by the permeability of the porous medium and the flow magnitude inside the fuel bed. Thus, permeability experiments have been performed with Pinus halepensis for different permeability values and flow conditions [35] (see section 2.4). The study has been focused on the flaming stage, as this stage is mainly responsible for the fire spread.
The results are presented in terms of mean HRR divided by the fuel mass loss during the flaming stage (kW.g -1 ). This quantity can be seen as a mean heat of combustion (because it is constant over time) and is close to the definition of the fire-line intensity used for wildfires [14, 58] . Figure 15 shows the results obtained for Pinus halepensis with four different values of the fuel bed permeability. The vertical bars represent the experimental variability. There is no experimental data for the higher permeability with High Flow (HF: 200 l/mn) since it was impossible to obtain a piloted ignition. Some results are quite scattered since the ignition time was quite sensitive to the surrounding flow. For a given condition (basket and flow) the energy released during the combustion of the porous fuel bed increases with its permeability. Indeed, the oxygen supply inside the porous fuel bed is enhanced with increasing permeability. It can also be seen that the flow influence increases with the permeability as the slopes of the curves increase with it. Porous fuel beds permeability influence on forest fuel combustion dynamic appears to be important and should be taken into account when modeling fire spread in such fuel beds. The experimental tendencies could not be explained only by porosity, which is less representative of the influence of the flow than permeability. The interested reader is referred to [62] for more discussion about the effects of permeability and porosity and how they are related to each other.
The HF values show an inflexion in the increase tendency. It looks as if the flow enhancement of the burning is reaching a limit. However, the HRR is still increasing greatly between Low Flow (LF: 100 l/mn) and HF [35] . A misleading conclusion could be reached because of analyzing only a mean value. It highlights the limitations in the use of mean values like the fire-line intensity in wildfires. The mean values can lead to an underestimation of the peak values of energy released during a fire and need to be used with other instantaneous quantities [35] . The increase of the HRR with permeability for a given flow condition can be explained by the increase of the free mean path of radiation. The surface-to-volume ratio of the needles is a constant for a given species, and the mean free path of radiation increases with the permeability of the fuel bed, increasing the in-depth heating of the fuel sample. As more fuel is heated up, the pyrolysis rate and the burning of the samples are enhanced. 
b) Fuel species
The three species have different geometrical and chemical characteristics [53] as well as different values of permeability for the same sample mass (see Table 2 ). To remove the influence of the fuel beds on the flow, a set of experiments has been performed with the same permeability of 1.5.10 -7 m 2 for the three species. The mass of fuel used has been estimated from the permeability data (see Table 2 ), providing 12, 13 and 15 g for Pinus halepensis, Pinus laricio and Pinus pinaster, respectively.
The three species present different combustion dynamics, with different flame durations and mass losses during flaming. These two quantities increase with the surface-to-volume ratio of the species [35] . The influence of species has been analyzed, as was done previously, and is presented in Fig. 16 . The curves merely represent polynomial trend lines between the experimental data points. Under no flow conditions the heat released by the three species during flaming increases when more oxygen is allowed to pass through the fuel bed sample. Pinus halepensis and Pinus laricio display close values. Pinus pinaster seems to be more "energetic" than the two others species but it has the lowest lower heating value [34] . Thus, the chemical properties of the species cannot explain this result. The difference between species may be due to the radiative transfer inside the fuel bed, as described previously, or due to the fact that this species (Pinus pinaster) is releasing the highest amount of flammable gases during pyrolysis [63] . Under flow conditions the tendency is changing. For Pinus halepensis and Pinus laricio the heat released per unit mass increases with the flow. Pinus halepensis is more influenced by the flow than Pinus laricio, maybe because of its high surface-to-volume ratio that allows more oxygen contact at the surface of the solid for pyrolysis and heterogeneous reactions. However, there is an inflexion for the two species when a high flow (HF) is applied. For Pinus pinaster, the mean HRR per unit mass is decreasing. The same cooling limiting effect as the one observed in Fig. 13b has been observed for Pinus pinaster. Some limiting effects are even likely to occur when increasing the flow further, such as the dilution of the pyrolysis gases as stated for ignition (section 3). It seems that the oxygen supply is already sufficient with the low flow and that increasing the flow slows down the reaction. As no significant changes have been noticed in CO, CO 2 , or soot production between low flow and high flow conditions, this result is not attributed to a change in combustion regime. It could be due to a change in the pyrolysis process under high flow conditions, due to the increased presence of air. It could also be due to the thickness of the needles (low surface-tovolume ratio) and the low contact surface available for heterogeneous reactions compared to the other species. This effect needs to be further investigated in the future. This study showed that permeability is one of the main bulk parameters driving the burning dynamics of porous fuel beds, along with the free mean path of radiation. However, for a given permeability, the different fuel species have a varying influence on the HRR. This influence seems to be mainly due to the physical properties of the fuels as the fuels have very close lower heating values. Only Pinus pinaster displays a different behavior, which could be fuel specific and needs to be further investigated. The description of the burning dynamics cannot rely only on mean quantities. In the future, the HRR needs to be quantified as a function of permeability and mean path of radiation.
Conclusions
This paper represents the flammability studies related to wildland and WUI fires that have been conducted at the University of Edinburgh and at WPI over the last 5 years. The whole approach is based on experiments conducted with the Fire Propagation apparatus and modified protocols were applied to meet the needs of each different study. The techniques presented here are not new in fire science, but their application and adaptation to the wildland fire problem is innovative and shows promising results. The results can be summarized as follows:
• Time to ignition: Concerning the pine needle beds, experiments and modeling have been used to understand the processes involved in porous wildland fuel ignition. Under no flow conditions and despite thermally thin pine needles, the bulk properties of the fuel bed (radiation attenuation) induced a solid-like behavior. Under flow conditions, the tendency was different and a porous fuel model has been developed to take into account the effect of cooling in the fuel layer due to forced flows. It allowed matching the experimental conditions for low flow but not for high flow. This result is likely to be due to the condition of mixing of pyrolysis gases with air around the pilot flame. An additional experimental study with Pinus strobus showed that competing thermal and mixing effects were involved. Concerning solid fuels, an experimental study was conducted to provide a realistic heating condition by considering an incident heat flux, which grew linearly with time.
The experiments under these novel testing conditions on three different materials showed that the scaling of the time to ignition by !!  q e dt 0 t ∫ ( ) 2 is possible. An expression relating the ignition delay time with the incident heat flux for this particular case is yet to be obtained. It would allow a full decoupling of solid and gas phase processes, yielding accurate results that can be input into forest fire models.
• Heat release rate: Regarding the influence of the flow, the results indicate that the transport processes inside the bed have a significant impact on the combustion process within the porous fuel bed. The HRR calculated by means of calorimetry was reinforced by the use of mass loss rate and heat of combustion in the well-ventilated test conditions. CO concentration profiles proved to be a good indicator of the dynamics of the combustion process. The pine needle species studied behaved differently due to different packed densities and different surface-to-volume ratios.
Regarding the influence of the fuel properties, the results showed that permeability is one of the main parameters driving the burning dynamics of porous fuel beds. Another important bulk property is the free mean path of radiation. The results also showed that, for a given permeability, the fuel species have an influence on the HRR but that this influence seems to be mainly due to the physical properties of the fuels and not the chemical ones. Only Pinus pinaster displayed a different behavior, which could be fuel specific and needs to be further investigated. These first results improved our understanding of how porous fuel beds and solid fuels ignite and burn under conditions related to wildland and WUI fires. However, these studies are only the gateway to a new field of investigation, and the next important step will be to find the ways to quantify the role of the different parameters in order to improve the ability of wildand fire spread models to describe vegetation burning and structural ignition.
